Identification of initial commutation angle belongs to the basic routines at the commissioning of industrial drives with permanent magnet synchronous machine. This paper deals with problem of commutation angle offset determination. Two methods are described and simulated in detail. The first method is based on application of a DC voltage and the second one is based on the use of the current controllers. Both methods use rotor movement to reach defined position. Simulation and experimental results are included providing mutual comparison of these methods.
INTRODUCTION
Permanent magnet synchronous machine (PMSM) is highly dynamic motor with compact dimensions, mostly used in robotic applications or machine tools. There are several common ways to control PMSM; the most common are v/f control in open loop; field oriented control (FOC) and direct torque control (DTC) in closed loop resp. However, FOC is the most popular in applications requiring high dynamics and precision. Before they are being used in a standard operation, industrial PMSM drives must successfully pass the commissioning routines.
During these routines the following parameters are identified and calculated:
• commutation angle (CA) offset,
• machine parameters,
• parameters of the current controllers,
• parameters of the speed controller,
• parameters of the position controller.
CA is the angle between the vector of stator magnetic flux position and the vector of magnetic flux created by permanent magnets. If the industrial drive is used for the first time, these vectors are arbitrarily (randomly) placed, thus the angle between them is unknown. Identification of CA is crucial for the FOC of PMSM because the value of CA is necessary for the Park transformation [5] - [8] . Furthermore, if the CA is kept close to the 90 degrees (electrically), PMSM provides the maximum torque at given stator current.
This paper deals with the determination of CA using data from position sensor. If absolute position sensor is used and the value of CA is once obtained, the actual motor electrical position is stored into the EEPROM memory as CA offset and for the next operation this value is loaded from memory, so CA is known immediately. If the position sensor does not have absolute tracks, determination of CA has to be repeated every time during commissioning.
There are various methods, how to determine the CA. Some of them are briefly described in [1] , [2] , [3] or [4] . In this paper, two approaches of CA determination are completely described, modelled in Simulink environment, and experimentally verified. Results of mutual comparison of presented approaches can be found in conclusion.
MATHEMATICAL MODEL OF PMSM
Mathematical model of PMSM is described in rotor reference frame as (see [6] , [9] ):
where R, L d and L q are the per-phase armature resistance and the d-axis and q-axis inductances, respectively; ψ PM is the permanent-magnet flux, p is the number of pole pairs, J is total moment of inertia, T e and T L are electromagnetic and load torque, respectively; ω is rotor angular speed, ϕ is rotor angular position and i d , i q are the d-axis and q-axis component of the stator current, respectively. Considering rotor reference frame, inputs are voltages u d and u q and outputs are currents i d and i q , rotor angular speed ω and rotor position ϕ. However, in the real world, the machine is supplied by 3-phase voltage and phase currents are measured. Therefore, the machine model was coupled with reference frame transformations.
DESCRIPTION OF METHODS
Methods, described in this section, are based on rotor movement from an unknown initial position to zero position by applied voltage and during this routine, the value of CA is considered to be zero. Afterwards, CA is a signal obtained from position sensor.
Method I -Determination of CA by DC voltage
The first method is based on application of constant DC link voltage on the machine in such a way, that positive voltage of a DC link is connected to A phase, and negative voltage of DC link is connected to B and C phase, as is depicted in Fig. 1 , where vector of a stator current is I S ; vector of a rotor flux by permanent magnets is denoted as ψ; i a , i b , i c are phase currents, αβ is stator 2-phase reference frame; dq is rotor reference frame and ρ is value of CA offset.
At the moment of DC voltage application, rotor flux vector is arbitrarily placed, according to actual rotor position Fig. 2 (a). Application of DC voltage causes constant current flow in all phases and places stator current vector in α-axis. Therefore, rotor is forced to move towards stator flux caused by stator current vector until both flux vectors are aligned, as in Fig. 2(b) . Thus, CA is now considered as zero. There is also a possibility to align machine electrical position with q-axis by following connection: phase A is floating, phase B is connected to positive voltage and phase C is connected to zero voltage Fig. 3 . In this case, electrical position after reference frames alignment is ρ = π/2 as rotor flux lies in β -axis (see Fig. 4(b) ). The simulation scheme for this method is in Fig. 8 
Method II -Determination of CA by using current controller
The second method uses PI current controllers for d and q current components in closed loop similar to current control loop in FOC. In this case, comparing to previous method, current components are controlled. The difference between normal FOC current loop and this method lies in transformation angle used for current feedback. Here, assumed transformation angle (or CA) remains zero during whole procedure (see simulation scheme in Fig. 9 ). Desired current d-component value is set to reference value (usually motor nominal current value or less) and current q-component reference is set to zero. Both references cause that stator current vector is placed to α-axis (as transformation angle is held to zero), similarly to Method I. Considering an angle between stator current vector and rotor flux vector is no-zero, rotor starts to move until both vectors are aligned and no torque is produced. At this point, actual position is stored as a commutation offset, current setpoints are set to zero and transformation angle for current feedback is switched from the constant value to measured one.
It is also possible to set desired current d-component to zero and q-component to the reference value. In this case, stator current vector is placed into β -axis. After the rotor movement, when stator and rotor flux are aligned, the commutation angle is ρ = π/2. In fact, there is no significant difference in using alignment with α or β -axis that clearly determines the right manner. However, from the practical point of view, current d-component is usually held on zero value in FOC motor control, so it is more convenient to maintain this approach. 
SIMULATION RESULTS
Both methods were simulated with same motor model in Matlab/SIMULINK. A standard mathematical model of a PMSM machine in dq reference frame is used, as described in Section 2.
It was assumed that PMSM is loaded with static friction during movement, therefore appropriate load torques were applied with Signal builder block. Note that precise simulation of static load torque is a complicated problem beyond the scope of this paper, and so only simplified static load torque value was applied. For this reason, some differences between simulation and experimental results occurred.
Simulation results of the Method I is depicted in Fig. 5(a) . Value of 1.3 rad was used as a random initial rotor electrical position of PMSM. Voltage vector, that was applied on the machine in the simulation, is placed into α-axis (voltage β -component is zero), thus stator current and flux is in α-axis as well. It can be observed, that at the t = 60 ms, when phase currents become constant, rotor is pulled into the zero position. The same simulation conditions were applied also on the simulation of Method II, depicted in Fig. 5(b) .
Both described methods were also simulated with voltage applied in β -axis, simulations results are in Fig. 5(c) for Method I and in Fig. 5(d) for Method II. The same simulation conditions were used, the only difference was in initial position. In this case, initial electrical position was set to 0.3 rad. It can be observed, that simulation responses of both methods are similar to responses on voltage applied in α-axis. The final rotor position is ρ = π/2 and rotor flux is aligned with β -axis. Response time of Method II is slightly larger in comparison to Method I, but both methods are still fast enough, considering the fact that CA determination runs only once.
APPLICATION ISSUES AND EXPERIMENTAL RESULTS
Experimental setup in Fig. 6 consists from PMSM fed by voltage source inverter (VSI), controlled by Texas Instruments floating point DSP. Actual position of PMSM is measured by sine/cosine incremental encoder with 2048 lines per revolution and with absolute tracks. Encoder signals are firstly evaluated by electronic interface to obtain suitable signals for DSP. Parameters of PMSM in experimental setup are in Table 1 . Method I, based on DC voltage and described in the paper, is frequently used in industrial power converters, and can be easily implemented on DSP. Therefore, it was experimentally verified. Commutation angle given by described method is used in FOC control algorithm and implemented just on the same experimental setup.
It is possible to determine the CA offset with Method I by switching on the corresponding transistors in VSI. But if full DC-link voltage is applied directly on the machine with small value of phase resistance, it leads to very high current and damage of the machine is very likely. In experiments voltage applied on the machine by VSI was modulated with PWM in order to get a permissible value. Thus, maximum allowed motor current have not been exceeded. Reference values for phase voltages are computed as it is in simulation scheme in Fig. 8, i .e. voltage vector is placed on α-axis by defining voltage α-component, whereas β -component remains zero and this references are transformed to 3-phase by inverse Clarke transformation. The main algorithm is described by simplified flowchart in Fig. 7 .
Experimental results were compared to the simulation results from Fig. 5(a) and results are in Fig. 10 . It can be observed that experimental results correspond with simulation results. Differences are caused by friction and static load torque, which are not concerned in the model.
CONCLUSION
The paper presents an overview and detailed explanation of two solutions to a practical problem with commutation angle offset determination of PMSM control.
Presented methods are based on rotor movement with limited current. Therefore, they should be solely used without the load on the motor output. Otherwise, results may not be satisfying and possibly lead to undesired behaviour such as inappropriate currents to given load, which causes unwanted increase of machine temperature and impossibility to reach reference torque. Advantage of the Method I is its simplicity and effectiveness. On the other hand, Method II brings controlled currents during procedure, but it is more complicated and needs to switch the feedbacks after CA offset determination. 
